Abstract We discuss the interplay between surface plasmon polaritons (SPPs) and localized shape resonances (LSRs) in a plasmonic structure working as a photocoupler for a GaAs quantum well photodetector. For a targeted electronic inter-subband transition inside the quantum well, maximum photon absorption is found by compromising two effects: the mode overlapping with incident light and the lifetime of the resonant photons. Under the optimal conditions, the LSR mediates the coupling between the incident light and plasmonic structure while the SPP provides long-lived resonance which is limited ultimately by metal loss. The present work provides insight to the design of plasmonic photo-couplers in semiconductor optoelectronic applications.
Introduction
Since Ebbesen et al. discovered the extraordinary optical transmission (EOT) through an optically thick metal with periodic nanohole arrays [1] , surface plasmon polaritons (SPPs) have attracted tremendous research interest [2] . Taking advantage of the significantly enhanced photonic density-of-state at the metal/dielectric interface, SPPs have many promising applications in enhancing the light-matter interactions and boosting the performance of conventional semiconductor-based optoelectronic devices, particularly in systems with sizes much smaller than the associated light wavelength [3, 4] .
A metal plate with a periodic hole array is very promising as a photo-coupler in conjunction with an active semiconductor medium in forming an optoelectronic device. Such a plasmonic structure not only supports nearfield plasmonic modes but also facilitates far-field light coupling through Bragg scattering [5] . In a carefully designed hole-array structure, standing surface waves can be formed on the metal surface due to the cavity-like effect, generating an enhanced transverse plasmonic mode. When excited by external light, such a plasmonic mode may resonate with the electron transitions in the active semiconductor nearby, which in turn significantly enhances the entire device performance [2] . In addition, the hole-array structure allows transmission geometry which facilitates easy incorporation into present optoelectronic devices. So far, some experiments [6] [7] [8] [9] based on the periodic holearray coupler have been carried out. For example, C. C.
Chang et al. [9] recently achieved a 130% absolute enhancement in the infrared photoresponse from a quantum dot infrared photodetector by using a simple circularshaped hole array with a hexagonal lattice symmetry. Stimulated by Ebbesen et al.'s pioneering work, several studies [10] [11] [12] have been devoted to the hole-shape dependence of the EOT phenomena. The transmission property of the period hole array depends strongly on the hole shape due to the local shape resonance (LSR) around individual holes. Also, several previous publications [13] [14] [15] were devoted to how to combine LSR with SPP resonance to improve a certain functionality, such as surface-enhanced Raman spectroscopy and so on. Naturally, one may expect that the photo-coupling properties can also be modulated by the LSR modes. Therefore, it is highly desirable to understand the independent roles played by the SPP and LSR in modulating the photo-coupling properties in general plasmonic structures and the knowledge will aid the design of the optimal structure.
In this paper, among many different hole shapes, we take the simple cross-shaped hole as an example to elucidate the essential roles played by the propagating SPP and the LSR on modulating the photo-coupling properties. Very interesting interplay between these two effects is observed and an optimized structure is obtained by taking into account these two factors based on full-wave simulation. The photocoupling efficiency in the optimized structure is improved by about 30 times over non-plasmonic cases. While the quantitative results may change for a different hole shape, we believe that the main conclusion does not depend on any concrete hole shape. Our results are valuable to the extension of plasmonic applications to conventional semiconductor optoelectronics leading to usable plasmonic optoelectronics with high performance.
Structure and Simulation Method
We study a plasmonic cross-shaped hole array coupler for a single GaAs quantum well photodetector. The functionality of this single quantum well photodetector has been demonstrated previously [16] and is very promising for high-performance photo-detection (ultimately counting individual photons despite small photon energy in the infrared/terahertz region) [17] . However, this device currently suffers from low photo-coupling efficiency thereby needing optimization of the plasmonic couplers. Although the real device structure is much more complicated, we adopt a simplified device geometry which is sufficient for the numerical study. The simplified device geometry schematically depicted in Fig. 1 consists of an Au layer perforated with a cross-hole array and GaAs substrate embedded in a photo-active thin quantum well layer. The quantum well is responsible for the photo absorption (and in turn, photo-detection) through the inter-subband transitions of electrons. The plasmonic coupler couples far-field light converting it to transverse-magnetic (TM) electromagnetic wave required by the quantum well absorption [16, 18] . In other words, the coupler maximizes the vertical electric field amplitude (|E z |) at the quantum well location under far-field front illumination [18] .
As shown in Fig. 1 , the cross-hole array has a period of P, length of L, and width of W. The gold layer thickness is fixed at t 1 =100 nm in this work. The dielectric constant of Au is assumed to follow a standard Drude model with the following parameters: ε ∞ =1, ω p =1.365×10 16 rad/s, and γ= 5.78×10 13 Hz. The 10-nm-thick QW layer is located 100 nm away from the Au/GaAs interface, and the associated intersubband transition occurs at a typical frequency f res =20 THz (i.e., ΔE=82.8 meV). We assume that ε GaAs =11.2 in the substrate layer with a thickness of t 3 =5 μm. (We neglect here the influence of the quantum well absorption on electromagnetic field distribution. This approximation validates since the absorption is typically less than 10% [17] . Future work will consider this second-order effect and discuss the possibility in entering strong light-matter coupling region). Numerical simulation is performed by the finite-difference time-domain method [19] . Here, a plane wave impacts normally the structure with the E-field polarized along the y axis, and the reflection spectra as well as the near-field electric field enhancement at the quantum well position (i.e., z=−100 nm) are measured. To discretize the structure, we use a mesh size of δx=δy=100 nm in the xand y-directions for all the volume and, in z-direction, we use δz=5 nm in the region of −200 nm≤z≤300 nm (i.e., from 200 nm below the metal to 200 nm above the metal layer) and δz=50 nm in other regions. (We have confirmed that further refining of the mesh size (δx=δy=50 nm and δz= 2.5 nm/20 nm) leads to a relative change of the field enhancement by less than 5%). Figure 2 depicts the reflection spectra calculated using various typical hole-array parameters. Each spectrum contains a reflection dip together with an anti-resonance reflection peak on the high frequency side. The reflection dip arises from the plasmonic resonance at the (0, ±1) mode at the Au/GaAs interface, whereas the anti-resonance feature arises from Wood's anomaly [20, 21] . Figure 2a shows the structures with different cross-hole lengths (L= 2.38, 2.6, and 3.0 μm) but the same period (P=4.37 μm) and hole width (W=0.66 μm). The anti-resonance peaks appear at the same frequency since the Wood's anomaly is solely determined by the periodicity. On the other hand, the plasmonic resonance-induced reflection-dip redshifts with increasing cross length, since this resonance is closely related to the hole shape and a longer L yields a longer resonance wavelength. We next study three structures with different periods (P=3.37, 3.87, and 4.37 μm) but the same cross parameters (L=2.6 μm and W=0.68 μm) and the results are displayed in Fig. 2b . Both the reflection dip and anti-resonance peak red-shift with increasing P and L. To simplify the description in the following, we define f res to be the frequency at the reflection minimum and term the resonance-induced reflection-dip as plasmonic resonance (although not very accurately). Figure 2a , b show that f res and the resonance bandwidth depend strongly on both the period P and cross-hole length L. Such a complicated dependence makes the plasmonic coupler design nontrivial in practice.
Results and Discussion
To understand the dependence of the plasmonic resonance on the cross-hole-array parameters, we vary P within 2.5-6 μm and L within 0.3P-0.9P with W/L fixed as 0.2, and perform simulation to derive the resonance frequency f res for different the structures. Figure 3a shows the twodimensional map of f res against P and L. Qualitatively, the resonance frequency f res increases as P or L is reduced. Therefore, to get a fixed f res , L must be increased when P decreases and vice versa. The solid curve in Fig. 3a shows the condition for f res =20 THz. In the limit of L→0 (i.e., very small hole size), the resonance frequency becomes insensitive to the hole size and depends solely on the array period. On the other hand, in another limit L→P (i.e., large hole size), the resonance frequency relies mainly on the hole size (L→P arises from the cross shape which restricts L<P. This restriction is alleviated for a rectangular hole and main conclusions are still valid except that the rectangular hole array becomes sensitive to incident polarizations. See It is interesting to note that all the data points converge to the same curve (see Fig. 3b ), revealing the generality of the above trend.
To clarify the mechanism, we first discuss the two limiting cases involving small and large hole sizes. Figure 3 shows the Wood's anomaly line (vertical line denoted as P1) satisfying
where f Wood is the Wood's anomaly frequency at the antiresonance peak. Obviously, the resonance curve approaches this Wood's anomaly line in the small hole limit, implying that the periodicity-induced SPP mode is dominant here.
On the other hand, in the limit of large hole size, the resonance curve is found to approach another horizontal line denoted as L1 as shown in Fig. 3 . This line only represents the fundamental LSR resonance of the crosshole, which can be interpreted as the TE 01 waveguide cutoff resonance of this hole [22] . Considering the fact that the metallic plate is sandwiched between air (ε air =1) and the GaAs dielectric layer, the LSR mode frequency f shape can be quantitatively estimated to be:
As shown in Fig. 3 , the plasmonic resonance curve approaches line L1 defined by the above equation in the large hole size limit, indicating that the LSR mode dominates here.
In between the two aforementioned limits, the plasmonic resonance in the intermediate region exhibits a hybrid nature with contributions from both the propagating SPP and LSR modes. Therefore, for a known target working frequency of the photoelectric device, there is freedom to tune the plasmonic resonance continuously from SPP-like to LSR-like when designing the cross-shaped plasmonic photo-coupler. It is worth mentioning that an arbitrary hole shape does not necessarily possess this useful tuning property. As shown in Fig. 3b in which the results for a square-shaped hole array are depicted as hollow triangles, the resonance is almost independent of the hole size. This is because the square hole resonator possesses a low resonance Q factor, and the high order resonance modes may have significant contributions to the fundamental LSR mode thus strongly influencing the plasmonic resonance behavior.
To obtain quantitative understanding on the mode difference along the plasmonic resonance curve, we pick eight points labeled as A, B, C, D, E, F, G, and H in Fig. 3a (all having f res =20 THz) and study the electric field distributions at the quantum well position (i.e., z=−0.1 μm) for each case. Figure 4a -h depicts the computed distributions of |E z | 2 in the xy-plane (with z=−0.1 μm), in which the solid lines indicate the contour lines of |E z | 2 =| E 0 | 2 with E 0 being the incident field strength. The field patterns reveal clearly that as we go from Fig. 4a -h, the contribution from LSR decreases and that of SPP increases. Specifically, the E z fields are mainly concentrated in the hole center in cases Fig. 4a-c , the signature of the LSR mode. On the other hand, in Fig. 4g and h, the E zfield forms a stripe-like distribution along the x-direction, indicating the formation of a SPP mode propagating along the y-direction. To further visualize the difference between LSR and SPP, Fig. 4i , j shows the electric field distribution in the yz-plane at x=0, from which we can identify the different distributions along the z-direction and different electric field polarization of the LSR and SPP modes. In the intermediate region, i.e., Fig. 4d-f , both mechanisms contribute to plasmonic resonance, as the fingerprints of the SPP wave begin to emerge at the edges of the holes while the electric field maximum near the crosshole center is still preserved. Furthermore, as shown in Fig. 4 , the field intensity maximum in Fig. 4f appears to be larger than those in other cases (i.e., Fig. 4a-e, g, h) . There may be an optimal design in utilizing the LSR and SPP modes for near-field electric field enhancement. With regard to device applications such as photo-detection, it is preferred to have the strongest average field enhancement over the whole structure. Here, we quantitatively study the average field enhancement in all cases in an effort to optimize the plasmonic structure.
The enhancement factors are evaluated by the following two equations:
and
where integration is performed over one unit cell in the xyplane. Figure 5b , c shows the calculated field enhancement for eight different structures as a function of the frequency. Compared to the reflection spectra for different structures shown in Fig. 5a , the field enhancement is maximum at the common resonance frequency of 20 THz and it is caused by the strong local field enhancement effects associated with resonance. Since the quantum well is only sensitive to the electric field in the growth direction [18] , the spectra of ‹E z 2 ›/‹E 0 2 › represent the ability of the device to absorb light waves. As shown by the spectra of ‹E z 2 ›/‹E 0 2 › in Fig. 5c , as the hole size decreases (A→H), the peak enhancement increases initially until reaching the F structure and then decreases sharply (note that the vertical axes in Fig. 5b , c have the log scale). Meanwhile, as we change from A to H, the bandwidth of enhancement spectrum shrinks continuously until reaching the F structure and then becomes almost constant. The maximum enhancement is achieved for the F structure with ‹E shows that a circular hole array plasmonic coupler yields an enhancement of only ‹E z 2 › plasmonic /‹E 2 › no plasmonic ≈5. We explain why there is an optimal design (i.e., around F) to achieve the best (average) field enhancement here. At first glance, F is close to the condition when both mechanisms, namely SPP (n eff λ SPP ≈P) and LSR (n eff λ LSR ≈2L), coincide: λ SPP ≈λ LSR (and therefore P≈2L) with the same effective diffractive indexes. This appears to be consistent with previous reports [23, 24] and experimental data [18] . However, noting that the effective indexes for SPP and LSR are practically different (see Eqs. 1 and 2), the explanation is more complex. Since quantitative description of the hybridization of the plasmonic states is challenging [25] , a simplified and qualitative model is postulated. We consider two physical parameters in the transmission processes, the coupling efficiency, γ, of farfield photons to the plasmonic "cavity" photons and the lifetime, τ, of the trapped photons. The average field intensity should depend on the number of trapped photons, N photon . After reaching the steady state, N photon is proportional to the product of γ and τ. When the plasmonic mode changes from LSR-like to SPP-like, the resonating electric field gradually shrinks its component on the air side and penetrates more into the GaAs side (see Fig. 4i , j) thereby overlapping less with the incident wave excited on the air side. Consequently, γ decreases continuously as we change from A to H. (Besides the spatially overlapping, the polarization of LSR mode (i.e., large fraction of E || component) agrees well with normally incident light, which also contributes to large γ in LSR state). On the other hand, as shown in Fig. 5 , the bandwidth of the resonance band decreases from A to H implying increasing lifetime τ According to the full width at half maximum (FWHM),τ is evaluated to be about~0.2 ps for A, increasing to~10 ps for F and remaining almost unchanged for G and H. This tendency suggests two relaxation mechanisms for the trapped photons. One is the mode leaking [26] into farfield (as evidenced by large and broad transmission) which dominates for A-F and the other is the metal loss [24] which limits the total lifetime of F-H. Considering these two effects (decreasing γ and increasing τ), one may expect that the best performance may occur in the intermediate region, i.e., around F. Under the optimal condition, the LSR component plays the main role in mediating the coupling between the incident light and long-lived SPP resonance, without considerable sacrifice of the cavity photon lifetime. According to Fig. 3 , the optimal condition for the strongest near-field enhancement is approximately P≈2L≈97.5%λ res / (ε GaAs ) 1/2 . This rule may be common for cross-hole array plasmonic couplers in general semiconductor optoelectronic devices including photon detectors and emitters. For couplers with other different hole shapes, similar analysis can be performed.
Two more points are mentioned here. Firstly, in Fig. 5b , c, the small deviation in the accurate peak-enhancement frequency values from the far-field reflection valley positions (Fig. 5a) arises from that the SPP component contributes more efficiently to the area-averaged near-field electric field enhancement factor than LSR, as implied by field profiles along the z-direction (Fig. 4i, j) . This deviation becomes more discernible at the LSR end. However, it can be neglected since in this end, the response becomes almost flat-band. Secondly, for practical optoelectronic devices with a relatively large spectral bandwidth, the optimal condition may shift from F towards E depending on the magnitude of the bandwidth.
Summary
Au/GaAs (0, ±1) plasmonic resonance in a cross-hole array is investigated. The optimal condition for maximum nearfield electric field enhancement is found to be P≈2L≈ 97.5% λ res /(ε GaAs ) 1/2 . The LSR mode plays an important role in mediating the coupling between the incident light and SPP resonance whereas SPP provides long-lived resonance. On account of the improved coupling by the LSR mode, the cross-shaped hole array is a promising plasmonic coupler in optoelectronic devices. Our results provide insight to the design of more general plasmonic photo-couplers.
